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STUDY AND DEVELOPMENT OF IMMOBILIZED AND COMBINATE PHOTOCATALYSTS FOR ORGANIC DEGRADATIONS


The environmental concern and regulations have increased awareness in the public, political and economical world over the last two decades, because of the quality of life is strongly connected to clean environment. The impulse for developing new, efficient and selective catalysts as well as for the development of new process is strongly related to environmental protection. The applications of photon based sciences and technologies are significant and promising for the conversion of vast and limitless resources of solar energy into clean, safe and efficient chemical energy for the abatement of environmental decontamination.  The term photocatalysis consists of the combination of photochemistry and catalysis, which implies that light and catalysts are necessary to bring about a chemical transformation. Heterogeneous semiconductor surfaces provide a fixed environment to influence the chemical reactivity of wide range of adsorbates leading to simultaneous oxidation and reduction reactions on the catalyst surface. Scientific studies on the photocatalysis started about three decades ago. There is a worldwide realization that profiteering and greediness of several chemical industrialists are responsible for global environmental destruction. More and more people believe that industrial activities in future should offer products and services that are in harmony with the environment. Thus recent studies and research on photocatalytic applications are oriented for the environmental clean up processes.




Aim of the present work
The present work aims at the study and development of an efficient semiconductor based combinate photocatalysts for the environmental decontamination of wastewaters by heterogeneous photocatalysis. The thesis covers the results of investigations on the “Study and Development of Immobilized and Combinate Photocatalysts for the Organic Degradations” the thesis consists of seven chapters.















Chapter I

Introduction

In recent years there is a worldwide realization that environmental contamination is a growing problem that cannot be neglected as it influences our world and daily life. There is a growing demand for effective, economic and environmentally benign water treatment technologies, where the photoproducts are completely removed from the wastewaters.
The biological, traditional and chemical oxidations methodologies were extensively used for the treatment of xenobiotics. But, these processes are slow and lead to secondary pollution. Thus the solution for this dilemma could be found in the last decade. In that ‘Advanced Oxidation Technologies’ (AOTs) shown to be effective in the destruction of variety of pollutants. They offer different possibilities for •OH radical production by UV/ H2O2, Fe2+/ H2O2, Fe3+/H2O2/UV, O3/ H2O2, TiO2/UV etc. Of all these, semiconductor based photocatalysis has gained much importance because of its efficiency in the complete removal of xenobiotics from the air and wastewaters. Semiconductor photocatalysis is achieved through the absorption of a photon of band gap energy hν>Ebg, which results in promotion of electrons (e-) from valence band to conduction band with the concomitant generation of a hole (h+) in the valence band.
Among all the semiconductors the TiO2 with large band gap (Eg = 3.2 eV) is an ideal photocatalyst because it is cheap, non-toxic, photo-stable and efficiently catalyze the reactions under UV and visible light. TiO2 exists in three crystal forms majorly, the anatase and rutile are widely used in photocatalysis. Of these, anatase is more photoactive because of its crystal geometry and band gap. TiO2 as such is effective for wastewater treatment but, due to its small size, the filtration step is laborious. The immobilization or the supported TiO2 is the better solution for this problem where the choice of the support could be the real substitute for the loss in the activity due its immobilization.
Various supports were studied to test the photoefficiency like silica, alumina, zeolites, activated carbon, glass, polymer membranes, pumice stone etc. In this context the zeolites and mesoporous materials are found to be the best supports for TiO2 because of its large surface area and high adsorption capacity.
In continuation, another efficient and widely used AOP is the Fenton process. Homogenous photo-Fenton process has been widely applied, but because of the pH (acidic) limitation and sludge formation, leads to the development of heterogeneous photo-Fenton catalyst where the Fe(III) is immobilized on supports like silica, nafion membranes, alumina, zeolites and mesoporous materials.
There are several possible applications of TiO2 photocatalysts and photocatalytic systems as “Environmentally harmonious catalysts”. A number of research topics in photocatalysis have emerged that can offer potential for commercial development.
	Photocatalytic synthesis of organic compounds
	Special types of reactions 
	Photocatalytic degradation of xenobiotics
	Photokilling of pathogenic organisms (viruses, bacteria, algae protozoa and cancer cells)
	Self-cleaning and anti-fogging materials
In this context the present works highlights the development of immobilized and combinate photocatalysts as a promising tool for the clean and environmental friendly photocatalytic applications.


Chapter II

Experimental 

The various chemicals and reagents used in the present work were listed. The zeolite supports used to prepare the semiconductor-based photocatalysts were HZSM-5 (SiO2/Al2O3=30) and HY (Si/Al=2.6). Synthesis of mesoporous silicas like MCM-41 and SBA-15 were prepared in the laboratory by hydrothermal synthesis. All the chemicals used for catalyst preparation were of analar grade. The modification of zeolites and mesoporous materials by photocatalysts was done by solid-state dispersion and impregnation methods. TiO2 acrylic emulsion film and TiO2/HZSM-5 acrylic emulsion films were prepared by spray technique on rigid support like ceramic tile at ambient conditions. The TiO2+HZSM-5 emulsion films can be detached from the support on soaking the tile in water and these films were directly used as catalyst for photocatalytic experiments. The chemical actinometry was done to measure the photon efficiency of the UV light used in the photoreactions. Various other colorimetric methods were standardized to study and measure the concentrations of ammonium ion and Fe(II).
The commercially available and indigenously synthesized catalysts were characterized by various techniques like XRD, IR, DTA/TGA, ESCA, UV-Vis-DRS, Pore size distribution, SEM and TEM.
The photocatalytic reactions were carried out in a batch type cylindrical round bottomed (quartz) (Ø=2 cm, l=20 cm) flask of 100 ml capacity with refluxing condensor at the top of the reactor. A provision for bubbling the gas and sampling outlet is also provided to the reactor. The reactants were stirred magnetically with a simultaneous irradiation from a 250 W mercury vapor lamp for the measured time period at ambient temperature. Another setup was a batch photoreactor, with 3.7 L capacity. The optical reactor path length is 6.75 cm. The lamp (vailbert et lourmart low pressure Hg lamp T6C) was located at the center of the reactor, in a quartz sleeve. The photon efficiency is evaluated with hydrogen peroxide actinometry. Hydrogen peroxide was measured by the Ti-complexometry method.
The concentration of reactants and products were analyzed by HPLC using    C-18 phenomix (5m), 250  4mm column and methanol/water mobile phase of ratio 50/50 v/v % and at a flow rate of 1 ml min-1. UV absorbance was measured in the range of 190-500 nm. Ion chromatography was performed with a Waters 431 conductivity detector, a Vydac 302IC4.6 type column and phthalic acid-Na2B4O7 buffer at pH = 4.9. UV-Visible spectra and absorbance measurements were performed on a SAFAS double beam spectrophotometer, using either 1 or 5 cm cell. The determination of ammonium ion was done by Indo-phenol blue method. The iron was determined by the calorimetric determination of Fe(II)-1,10-phenanthroline complex.



Chapter III

Advanced Oxidation Processes 

	Dye and dye intermediates with high degree of aromaticity and low-biodegradability are introduced into the aquatic system results in the increase of the environmental risk. In this regard Advanced Oxidation Processes (AOP) have attracted a great attention. Among them UV+H2O2 and TiO2 based photocatalysis are of considerable interest for the wastewater treatment. The present work is divided into two sections

Section A: (i) Photochemical degradation of H-acid by UV and UV+H2O2

This investigation presents the oxidative degradations of xenobiotics, widely used in textile and pharmaceutical industries like 4-amino-5-hydroxy-2,7-naphthalene disulfonic acid monosodium salt (H-acid) by chemical oxidation using UV in presence of hydrogen peroxide which is a promising technique besides other photocatalytic methods. Naphthalene sulfonates (NS) and benzenes are extensively used as intermediates in the production of chemicals such as azo dyes, optical brightners, detergents, pharmaceutical and tanning agents etc. As the solubility of these compounds in water is high and contaminate the natural waters. The biodegradability of these NS derivatives significantly depends on the nature of substitutents. The NS derivatives with alkyl groups are easily biodegradable, whereas substituents like hydroxyl, nitro, amino and sulfonic acid were difficult to eliminate. Other than, the semiconductor-based photocatalytic method among the AOPs, photochemical processes using UV/H2O2 is one of the promising and widely applied process for the remediation of contaminants from the wastewaters. The generation of OH radicals by the activation of hydrogen peroxide in the presence of UV leads to oxidative degradation and complete mineralization of xenobiotics. 
	The photochemical degradation of H-acid using UV and UV/H2O2 is focussed, which efficiently generates hydroxyl radicals. The molar absorption coefficient of        H-acid determined at 254 nm is 5465.4 M-1cm-1 and the quantum yield of H-acid at low concentration (0.6 M) is HA = 0.094  0.004. The goal of this study was to obtain computer simulations (kinetic modeling studies) of degradation process that might be used during wastewater treatment. The second order rate constant K = (7.3  0.6) 109 M-1 s-1 is obtained by irradiating H-acid ([HA] 1M) in the presence of large amounts of H2O2 (0.1-0.01 M) at 253.7 nm. The 0.0135 M H2O2 is the optimum concentration and a good agreement is obtained between experimental and kinetic modeling studies (Gepsai software), when quantum yields, second order rate constants and other experimental parameters related to the photoreactor are known. The high degradation rate of H-acid (1M) was achieved at optimum hydrogen peroxide concentration of 0.0135 M in UV/H2O2 photolysis process. The degradation and mineralization is confirmed by the decrease in the total organic carbon and an increase in the sulfate ion generation. 

 (ii) TiO2-Photocatalytic degradation of H-acid 
H-acid (4-amino-5-hydroxy-2,7-naphthalene disulfonic acid monosodium salt) is an important dye intermediate and its presence is significant in the effluents of dye industries. The present work is focussed on the photocatalytic degradations of H-acid a toxic and non-biodegradable dye intermediate in TiO2 slurries as well as on TiO2 thin film fixed bed reactor (TFFBR) under UV and solar light. The two systems were compared and optimized conditions were arrived for the efficient degradation of H-acid.

                    H-acid

	This work highlights the heterogeneous photocatalytic degradation of H-acid, in TiO2 suspensions and TiO2 thin film fixed bed reactor. The degradation studies in slurry form are investigated using TiO2 Degussa P-25 and different Millennium PC-50, PC-100 and PC-500 photocatalysts under UV illumination. Of all the catalysts P-25 TiO2 is an effective photocatalyst for the degradation of H-acid. The optimal amount of TiO2 for the effective photocatalytic degradation of H-acid is 3 g/L in slurry form. In the H-acid adsorption experiments in suspension, it is noteworthy that H-acid adsorption obtained on TiO2 is high in acidic medium. In the photocatalytic degradation of H-acid there is a considerable decrease in COD values and an increase in BOD values, that proves the reduced toxicity of H-acid, thus increasing the biodegradability of the intermediates formed during the photocatalytic degradation. The degradation of H-acid on an immobilized TiO2 TFFBR is an efficient and promising method, since it avoids the post-treatment filtration. Photocatalytic films are easily prepared by spray technique and used as such without any heat treatment. The results highlight that use of TiO2 photocatalysts in such an immobilized form is an economical and efficient process for the treatment of effluents at larger scale that might be adopted for wastewaters containing low H-acid concentrations. 


Section B: TiO2-Photocatalytic degradation of Orange-G
The photocatalytic degradation of an acid azo dye Orange-G is studied with different TiO2 catalysts in aqueous suspension using solar light illumination. The de-colorization and degradation of the dye is compared with P-25 and Millennium TiO2 catalysts. P-25 and PC-50 TiO2 show faster rate of degradation than other Millennium catalysts. 







              Orange –G

The degradation of the dye solution as well as the dye adsorbed on the catalyst surface is monitored by UV-Vis absorption spectra (solution) and UV-Vis-diffuse reflectance spectra (solid). The UV absorption of solutions and DRS of the catalyst support the degradation mechanism, where complete removal of dye is observed both from solution as well as on the surface of the catalyst. The process of degradation and the formation of intermediates are monitored by the FTIR. Based on the results a mechanism for Orange-G degradation through a quinone type of intermediate is proposed. Thus, TiO2 mediated photodegradation of azo dye using solar light is found to be an effective process for the degradation of azo dyes.

Chapter IV

TiO2/Zeolite combinates: Photocatalytic degradations

		Zeolites with compartmentalized intracrystalline void space are specially suited with unusual surface properties and framework for the design of highly efficient and selective photocatalytic systems. Recently, semiconductor-loaded zeolites have drawn increased attention as potential photocatalysts due to their pore structures and adsorption properties, which co-operates to increase the efficiency of the photocatalytic process. The present chapter is divided into two sections 

Section A: TiO2/HZSM-5 combinate photocatalysts
	This study highlights an easy and efficient use of TiO2/HZSM-5 combinate photocatalysts for the photodegradation of phenol and p-chlorophenol. Titanium dioxide of 2,5,10 and 15 wt.% is dispersed on HSZM-5 zeolite using Ti-isopropoxide (Ti-ISOP), Ti-sol (Ti-SOL) impregnation and solid state dispersion (SSD). TiO2/zeolites prepared by SSD show the TiO2 anatase phase at 10 wt.% TiO2 loading whereas Ti-ISOP impregnated zeolites show the anatase phase at higher loading of TiO2 and no anatase phase is observed on Ti-SOL impregnated zeolites. A blue shift (40-50 nm) in the absorption edge of UV-Vis-DRS of TiO2/zeolites (Ti-ISOP and Ti-SOL) indicate the size quantization effect or the formation of Ti-O-Si linkage at low loading of TiO2, which is further supported by ESCA studies. The photocatalytic activity of these systems in the degradation of aqueous phenol and p-chlorophenol indicate that TiO2 supported on a zeolite (SSD) without any interaction is found to be more active than the Ti-ISOP and Ti-SOL catalysts. The amount of loading of TiO2 is optimized and 10 wt.%  TiO2/HZSM-5 (SSD) shows high photoactivity for phenol and p-chlorophenol degradation. The photodegradation is high on the combinate system due to the synergistic effect resulting form the adsorption properties of HZSM-5, that pools the pollutant molecules and easily accessed by the TiO2, thus facilitates the enhanced photodegradation of pollutant molecules. The study clearly shows that the use of TiO2/zeolite combinate is easy and is anticipated to be an efficient photocatalytic system to work with, as it involves simple catalysts preparation and an easy catalyst separation from aqueous solutions (simple decantation). The study thus opens a new direction for further research to modify the zeolites as ideal adsorbents for several pollutants in photocatalytic degradations.


Section B: TiO2-Acrylic emulsion and TiO2/Zeolite-Acrylic emulsion photocatalyst                           films

Advanced Oxidation Processes (AOP) using large band gap semiconductor particle TiO2 have emerged as a promising new technology for the degradation of organic recalcitrant pollutants. Our earlier studies on suspension of TiO2 and    TiO2+HZSM-5 zeolite combinate in aqueous phenol and p-chlorophenol show that addition of zeolite along with TiO2 enhances the photodegradation activity. As the major disadvantage of the system containing suspended solids is to remove the photocatalyst from water after the treatment. Thus attempts have been made to immobilize the catalyst on inert supports, while preserving the photocatalytic activity. 
The development of a novel and efficient immobilization process for supporting TiO2 and TiO2+HZSM-5 photocatalysts is highlighted using acrylic emulsion on rigid ceramic tiles for the photocatalytic degradation of phenol. The TiO2 and TiO2/HZSM-5 are immobilized on ceramic tile by simple spray technique. TiO2 Acrylic Emulsion film (Ti-AE) and TiO2/HZSM-5–Acrylic Emulsion film (Ti-Zeo-AE film) is compared for the photoactivity and high degradation of phenol is achieved over 25 wt.% Ti-Zeo-AE film than the Ti-AE film. The results highlight that the 1:4 ratio of TiO2 and HZSM-5 is optimum and observed high photocatalytic degradation of phenol. It can be concluded that the presence of an adsorbent like HZSM-5 zeolite immobilized in an acrylic film significantly increases the photocatalytic activity of TiO2. Zeolite acts as a pool, increasing the concentration of the pollutant near the photocatalyst. Moreover, the presence of zeolite acts like a shield that reduces the reaction of the reactive species formed on TiO2 with acrylic film. Finally, this novel combinate thin film is flexible and shows good abrasion resistance on prolonged usage. It is economical, practical and promising method to immobilize photocatalysts for the elimination of pollutants from wastewaters.

Chapter V

TiO2/Mesoporous combinates: Photocatalytic degradations

	Mesoporous materials due to its unique pore properties, high surface area and facile diffusion of bulky substrates paved their way to emphasize the growth of molecular sieve science for photocatalytic applications. Due to the mass transfer limitation in zeolites attempts were made in the present work to focus the role of mesoporous materials in the photocatalytic degradations. 
The photoactive TiO2 catalyst is immobilized on high surface area and large pore mesoporous MCM-41 and SBA-15 materials to achieve a novel mesoporous combinate photocatalysts for the treatment of phenolic wastewaters. The effect of synthesis conditions and post-synthesis modifications of TiO2 mesoporous combinate catalysts are well supported with the characterization techniques. A high photoactivity is observed on the TiO2/Al-MCM-41(SSD) compared to TiO2/MCM-41. The mode of incorporation of titania is also shown to effect the photoactivity, where TiO2 dispersed (SSD) on the Al-MCM-41 and Al-SBA-15 shows high photocatalytic activity than the titania in interacted form. The amount of TiO2 on Al-MCM-41 is optimized and high photoactivity is observed over 10 wt. % TiO2/Al-MCM-41 catalyst. The catalyst with Al incorporation by grafting method shows high photoactivity, when compared to Al incorporated by isomorphous substitution in SBA-15. The Si/Al ratio is also optimized and the SBA-15 with Si/Al=40 shows high photoactivity. Thus TiO2 supported mesoporous materials are the promising photocatalysts for the abatement of xenobiotics from the wastewaters.
	

Chapter VI

Heterogenized Photo-Fenton Process: Fe(III)-HY 

Homogeneous photo-Fenton system is widely studied and a promising method for the wastewater treatment. The main drawbacks of such a system are narrow pH range (pH<3) and the Fe-sludge formation. Thus it is difficult to remove this sludge after the treatment as this step is laborious and not economical. In this context photocatalytic degradation of organic contaminants using photo-Fenton system can become more effective when carried out in heterogeneous method.
This study presents preparation, characterization and evaluation of an efficient heterogeneous Fe(III)-HY catalyst for photo-assisted Fenton reaction. Fe(III) ions are immobilized on HY zeolite using different loadings by impregnation, calcination and the activity of the catalyst is evaluated by the degradation of phenol.  To initiate a photo-Fenton reaction suspended Fe(III)-HY in solution is irradiated using UV light to form Fe(II)-HY necessary for the reaction to go. The effect of Fe loadings, H2O2 concentration, pH and quenching on photo-Fenton reaction are studied. The results obtained clearly show that 0.25 wt.% Fe(III)-HY is efficient in the degradation of phenol at pH = 6. Further the efficiency of Fe(III)-HY is compared with that of a homogeneous photo-Fenton reaction and the increased rate of reaction on Fe(III)-HY highlights the synergistic role of zeolite. Heterogeneous Fe(III)-HY in photo-Fenton reaction allows a wide range of pH for reaction against the narrow pH range in homogeneous system. The system is further subjected to evaluate its stability in solid state. Firstly the reaction solution containing Fe(III)-HY catalyst on irradiation is analyzed for Fe ions with AAS (Atomic Absorption Spectroscopy) and also by colorimetry using 1,10-phenanthroline (o-phen) to find out any Fe leaching from the catalyst and the results show insignificant leaching of Fe (<0.3 ppm) at maximum loading of Fe under experimental conditions. Secondly, the irradiated Fe(III)-HY is complexed with o-phen and it is subjected to Fourier Transform Infrared Spectroscopy (FT-IR), Diffuse Reflectance Spectroscopy (DRS) and Electron Spectroscopy for Chemical Analysis (ESCA) studies to detect and confirm the oxidation state of  Fe in solid state. Critical analysis of these studies clearly show that Fe(III)-HY on irradiation changed to Fe(II)-HY and it is intact with the surface during the course of the reaction. The DRS spectra further evidences complexation of Fe(II) with o-phen. The stability of the catalyst is established by recycling studies. The present work opens an eco-friendly method by heterogenizing the homogenous photo-Fenton system to achieve a stable and efficient photo-Fenton catalyst for wastewater treatments.

Chapter VII

Conclusions

This chapter represents salient features of results obtained in the present investigation, were summarized and provided in Table 1. 
	Attempts were successful in designing and development of immobilized TiO2 in the form of stable TiO2-acrylic film and demonstrated its efficiency using a TiO2  thin film fixed bed reactor under solar light.
	In order to avoid the post treatment filtration process efforts were successful in developing the easy and efficient TiO2/zeolite combinate photocatalysts for the effective photocatalytic treatment of wastewaters.
	In continuation, attempts were also successful for preparation of TiO2/zeolite combinate photocatalyst in the form of thin film using acrylic emulsion.
	Studies highlighted the development of TiO2/mesoporous combinate photocatalysts for the treatment of phenolic wastewaters.
	Attempts were successful in heterogenizing the homogeneous Photo-Fenton catalysts to avoid the pH limitation and sludge formation. A novel and efficient immobilized Fe(III)-HY a photo-Fenton catalysts were developed for photodegradation of phenolic solutions. 
Finally the attempts were successful in design and development of eco-friendly combinate photocatalysts for organic degradations. This work offers real potential for designing photocatalysts for the abatement of wastewater treatment. 



Table.1 Salient features of immobilized and combinate photocatalyst systems studied and developed for the organic                              photodegradations

Photocatalysts	    Substrate	Best photocatalyst system	Publications
TiO2 slurry and TiO2-AE film	                        H-acid	 P-25 TiO2 	J. Photochem. Photobiol. A: Chem, 156 (2003) 179.
TiO2 suspensions	               Orange-G	 P-25 TiO2 (solar light)	Ind. J. Environ. Protec, 22 (2002) 1162.
TiO2/zeolite-combinate photocatalysts	            	10 wt. % TiO2-HZSM-5 (SSD)	Appl. Catal. A: General, 234 (2002) 155.
TiO2/Zeolite–acrylic emulsion photocatalyst films	Phenol	(1:4) ratio TiO2-HZSM-5 acrylicemulsion film	Appl. Catal. B: Environ, 47 (2004) 209.
TiO2/mesoporous combinate photocatalysts	                        Phenol	10 wt. % TiO2/Al-MCM-41 and5 wt. % TiO2/Al-SBA-15 (Si/Al=40)	 Under communication
Immobilized Fe(III)-HY	                       Phenol	0.25 wt. % Fe(III)/HY 	Appl. Catal. B: Environ, 57 (2005) 291.

















Phenol and p-chlorophenol



